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The mouse mammary tumor virus (MMTV) long terminal repeat contains a distal negative regulatory element (dNRE) that
selectively represses activity of the proviral promoter in the absence of steroid hormone receptor-mediated activation. A
protein, termed MMTV NRE-binding protein 1 (MNBP-1), that recognizes long terminal repeat sequences between 2433 and
2418 was identified by gel electrophoresis mobility shift assays and methylation interference footprinting in nuclear extracts
of HeLa and Ltk2 cells. Mutations within the defined binding site affect dNRE-mediated promoter repression in vivo. MNBP-1
has an apparent molecular mass of approximately 100 kDa as determined by gel filtration chromatography. © 1999 Academic
Press
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mINTRODUCTION
Transcriptional activity of the promoter present in the
ong terminal repeat (LTR) of the proviral DNA of mouse
ammary tumor virus (MMTV) is subject to both positive
nd negative control. The promoter has been shown to
ontain at least four elements, including a binding site
or nuclear factor 1 (NF-1) (Miksicek et al., 1987; Buetti et
l., 1989; Toohey et al., 1990; Bru¨ggemeier et al., 1990)
entered near 270, a TATA element centered near 230
Toohey et al., 1990), two adjacent octamer-related ele-
ents located between the NF-1 site and the TATA box
hat are recognized by transcription factors Oct-1 or
ct-2 (Toohey et al., 1990; Bru¨ggemeier et al., 1991;
uang et al., 1993; Buetti, 1994; Kim and Peterson,
995a,b), and an element located just downstream of the
ranscription initiation site that is a binding site for a
rotein we have termed initiation site-binding protein
Pierce et al., 1993). Promoter activity can be stimulated
y several classes of hormone-activated steroid receptor
roteins, including those for glucocorticoids, progestins,
ndrogens, and mineralocorticoids (for a review, see
u¨nzburg and Salmons (1992)). The hormone response
lement (HRE), through which these proteins act, is lo-
ated between about 2200 and 280 (Ku¨hnel et al., 1986;
handler et al., 1983; Ponta et al., 1985; Hynes et al.,
983). Repression of MMTV promoter activity can be
ediated through several negative regulatory elements
NREs). We have characterized a promoter-distal NRE
1 Current address: Laboratory of Physiology, College of Pharmacy,
eoul National University, Seoul, 151-742 South Korea.
2 To whom correspondence and reprint requests should be ad-
aressed. Fax: (409) 845-9274. E-mail: DOPeterson@tamu.edu.
211dNRE) centered near 2400 and a promoter-proximal
RE (pNRE) located within the HRE (Morley et al., 1987;
ee et al., 1991); other sequences within the MMTV LTR
ave also been reported to repress transcription (Mink et
l., 1990; Ha¨rtig et al., 1993; Ross et al., 1990; Bramblett
t al., 1995). The dNRE selectively represses basal rela-
ive to steroid hormone-induced transcription and thus
ncreases the ratio of viral gene expression in the pres-
nce and absence of hormone. Our functional analysis of
he dNRE was performed in cultured Ltk2 cells, but the
NRE was subsequently shown to function in at least
ome mammary cell lines (Mink et al., 1990), where its
ffect on hormone responsiveness may play a role in the
eneration of milk-borne virions.
The biological role of the dNRE may not be limited to
issues in which viral transcription is steroid hormone-
esponsive. Endogenous MMTV genes (Henrard and
oss, 1988), as well as reporter genes linked to the
omplete MMTV LTR in transgenic mice (Choi et al.,
987; Stewart et al., 1984, 1988), are expressed in mam-
ary and salivary glands, kidneys, lungs, seminal vesi-
les, and lymphoid cells. Deletion of a relatively small
egion of the LTR that contains the dNRE (as well as at
east one other negative element) allows expression in
keletal muscle, heart, and brain of transgenic mice
Ross et al., 1990). In addition, many mouse T-cell lym-
homas acquire large numbers of integrated MMTV pro-
iruses that contain deletions in the LTR that overlap the
NRE, and LTRs containing these deletions are prefer-
ntially transcribed (relative to wild-type LTRs) in T cells
Hsu et al., 1988). Some of these naturally occurring
MTV variants induce T-cell lymphomas rather than
ammary carcinomas (Ball et al., 1985, 1988; Dekaban etl., 1984; Yanagawa et al., 1993). Furthermore, the dNRE
0042-6822/99 $30.00
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212 KANG AND PETERSONas been shown to differentially repress a heterologous
romoter in transient transfection assays in a cell-spe-
ific manner (Mink et al., 1990).
Sequences required for dNRE-mediated repression of
he MMTV promoter in cultured fibroblasts have been
efined by mutational analysis (Fig. 1). Deletions first
ocalized the dNRE to LTR sequences between 2427
nd 2364, and subsequent analysis of mutated dNREs
ontaining clustered point mutations or small internal
eletions defined two mutation-sensitive domains, des-
gnated msd I and msd II, that correspond to the ends of
he 64-bp dNRE; a region in the center could be mutated
ith relatively little effect on dNRE-mediated repression
Lee et al., 1991).
Here we identify a protein that recognizes sequences
n msd I that are important for dNRE-mediated promoter
epression and define the DNA-binding site by gel elec-
rophoresis mobility shift assay and methylation interfer-
nce footprinting.
RESULTS
dentification of a dNRE-binding protein by gel
lectrophoresis mobility shift assay
To identify proteins that recognize MMTV dNRE se-
uences, we first exploited gel electrophoresis mobility
hift assays using a nuclear extract derived from HeLa
ells. Although the functional characterization of the
NRE was originally performed by transient transfection
nto mouse Ltk2 cells (Morley et al., 1987; Lee et al.,
991), HeLa cell extracts are much easier to obtain in
easonably large quantity, and their use is justified by
wo experimental observations. First, we showed that
NRE activity could be at least partially reconstituted in
itro using transcription assays with HeLa cell nuclear
xtracts, and the reconstituted activity (about two- to
hreefold repression of MMTV promoter activity) was
dentical to that obtained using extracts of Ltk2 cells
data not shown). In addition, we show below that the
FIG. 1. MMTV LTR with sequence of dNRE. The MMTV LTR is
epicted as a rectangle with the positions of the hormone response
lement (HRE) and dNRE shown. The transcription start site is shown
s an arrow. Mutation-sensitive domains (msd) I and II (Lee et al., 1991)
ithin the dNRE are shown as shaded areas. Sequences of oligonu-
leotides dN1 and dN3 are indicated.NRE-binding protein we eventually detected in HeLa Luclear extracts is also present in Ltk2 nuclear extracts.
e have been unable to directly assess the activity of the
NRE in transfected HeLa cells, because the barely
etectable level of basal expression from the MMTV
romoter in these experiments precluded accurate de-
ermination of dNRE-mediated repression (data not
hown).
To perform the gel electrophoresis mobility shift as-
ays, a 59-end-labeled 244-bp probe was synthesized by
CR using one labeled primer. This probe contained
MTV sequences extending from 2275 upstream to
454 followed by 64 bp of polylinker and pBR322 vector-
erived sequences. The functionally defined dNRE
2427 to 2364) is almost exactly in the middle of the
mplified fragment. Specific DNA binding to this probe
as very difficult to detect in unfractionated HeLa cell
uclear extract (data not shown), but after fractionation
y phosphocellulose column chromatography, protein–
NA complexes of altered electrophoretic mobility were
etected with a protein fraction eluting in the flow-
hrough from the column at 0.1 M KCl (Fig. 2, lane 2), as
ell as in the fraction eluting between 0.3 and 0.5 M KCl
Fig. 2, lane 4). No complexes were observed with phos-
hocellulose fractions eluting between 0.1 and 0.3 M and
etween 0.5 and 1.0 M KCl (Fig. 2, lanes 3 and 5).
To assess the specificity of the observed complexes,
he ability of various oligonucleotides to compete with
he probe was determined. The complex observed with
he 0.1 M KCl flow-through fraction (Fig. 2, lane 2) was
udged to be nonspecific, as it was competed by all
FIG. 2. Protein binding to the MMTV dNRE assessed by gel electro-
horesis mobility shift assays. Assays were performed with a 244-bp
2P-labeled probe containing MMTV sequences from 2454 to 2275
nd protein fractions (1.5 mg) derived from a HeLa nuclear extract that
luted from phosphocellulose in the 0.1 M KCl flow-through (lane 2),
etween 0.1 and 0.3 M KCl (lane 3), between 0.3 and 0.5 M KCl (lanes
and 6–9), or between 0.5 and 1.0 M KCl (lane 5). Each binding reaction
lso contained 1.5 mg of poly(dIdC:dIdC). Competitor oligonucleotides
N3 (lanes 6 and 7) or dN1 (lanes 8 and 9) were present in molar
xcess of 20-fold (lanes 6 and 8) or 100-fold (lanes 7 and 9) relative to
he labeled probe. Protein–DNA complexes (C1, C2, and C3) are indi-
ated. The binding reaction shown in lane 1 contained no protein.
abel at the position marked O is at the top of the gel.
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213MMTV NRE-BINDING PROTEINligonucleotides tested, including two dNRE-derived oli-
onucleotides (Fig. 1) roughly corresponding to msd I
dN1) and msd II (dN3), as well as an oligonucleotide
orresponding to MMTV octamer-related elements that
s not related in sequence to the dNRE (data not shown).
owever, one of the three protein–DNA complexes ob-
erved with the fraction eluting from phosphocellulose
etween 0.3 and 0.5 M KCl (labeled C1 in Fig. 2) was
ompeted by the dN1 oligonucleotide (Fig. 2, lanes 8 and
) but not by dN3 (Fig. 2, lanes 6 and 7), suggesting that
he C1 complex formed as a result of specific binding to
sd I. Complexes C2 and C3 appeared to be nonspe-
ific, as they were not competed by either of the dNRE-
erived oligonucleotides. Other competitors, unrelated in
equence to the dNRE, also failed to compete with the
1, C2, and C3 complexes (data not shown).
ethylation interference footprinting
We employed methylation interference footprinting to
dentify sites of protein binding in the specific C1 pro-
ein–DNA complex. The 244-bp 59-end-labeled probe
as partially methylated at G residues with dimethyl
ulfate, and the methylated DNA was used as a probe in
gel electrophoresis mobility shift assay. After electro-
horesis and autoradiography, regions corresponding to
he C1 complex were excised from 10 lanes of the gel.
egions corresponding to the free probe were also iso-
ated from the same lanes. DNA was eluted from the gel
lices, treated with piperidine to cleave the DNA at meth-
lated sites, and fractionated by denaturing polyacryl-
mide gel electrophoresis (Fig. 3). DNA derived from the
1 complex was depleted in methylated Gs at positions
433, 2428, 2424, 2422, and 2418 (compare lanes 1
nd 2), indicating that protein binding in the C1 complex
s inhibited by methylation at these sites. Binding ap-
ears to be especially sensitive to methylation at posi-
ion 2418, as no detectable cleavage at this site was
etected in the bound fraction. This methylation-sensi-
ive region includes the 59-end of msd I but extends
lightly upstream of the 59-boundary defined by deletion
nalysis (2427) (Lee et al., 1991). The binding region
efined by methylation interference includes the imper-
ect palindrome GaCTcGCNNNNGCtAGaC extending
rom 2433 to 2416, where the mismatches in the two
alves are indicated by lowercase letters (Fig. 3).
el filtration chromatography
The contiguous and relatively small area of protein
inding identified in the methylation interference assay
uggests that the C1 complex detected in the gel elec-
rophoresis mobility shift assays may be the result of
rotein binding to a single site on the probe. To further
est this idea, the phosphocellulose column fraction that
ontained the specific dNRE-binding activity was sub-ected to further fractionation by gel filtration chromatog- (aphy on Superose 12. Fractions were assayed for bind-
ng to the dNRE by gel electrophoresis mobility shift
ssay with the 244-bp dNRE-containing probe described
bove. DNA-binding activity that generated the specific
1 complex eluted from the column as a single peak with
he highest apparent DNA-binding activity in fraction 26
Fig. 4A), corresponding to an elution volume of 11 ml
FIG. 3. Methylation interference footprinting on the MMTV dNRE. A
44-bp 59 end-labeled probe containing MMTV sequences from 2454
o 2275 was partially methylated at G residues with dimethyl sulfate
nd used in gel electrophoresis mobility shift assays as described in
he legend to Fig. 2 in the absence of oligonucleotide competitor.
rotein–DNA complexes corresponding to the C1 complex in Fig. 2
ere excised from the gel along with free probe from the same lanes.
solated DNAs were cleaved at methylated Gs with piperidine and
ractionated by denaturing polyacrylamide gel electrophoresis. Lane 1,
NA derived from the C1 complex. Lane 2, DNA derived from free
robe. Lane G, markers for G residues obtained by cleavage of probe
NA not subjected to mobility shift assay. Methylation of G residues
etween 2433 and 2418 inhibits formation of the C1 complex.Fig. 4B). The specificity of binding with this fraction was
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214 KANG AND PETERSONonfirmed by oligonucleotide competition in a manner
imilar to the experiments shown in Fig. 2 (data not
hown). The specific dNRE-binding activity was sepa-
ated from the binding activities that generated the non-
pecific C2 and C3 complexes, which appeared to elute
n earlier fractions. The simplest interpretation of our
esults is that the C1 complex results from binding of a
ingle protein species to the dNRE. For ease of discus-
ion we term this protein MMTV NRE-binding protein 1
FIG. 4. Estimation of molecular mass of MNBP-1 by gel filtration
hromatography. HeLa nuclear extract proteins that eluted from phos-
hocellulose between 0.3 and 0.5 M KCl were subjected to chroma-
ography on Superose 12. Fractions of 1 ml were collected for the first
ml, and fractions of 0.2 ml were collected thereafter. Fraction 1
orresponds to the first 0.2-ml fraction. (A) dNRE binding of column
ractions. Fractions (7.5 ml of each) were assayed for dNRE binding by
el electrophoresis mobility shift assay as described in the legend to
ig. 2 in the absence of oligonucleotide competitor. Protein–DNA com-
lexes (C1, C2, and C3) are indicated. Label at the position marked O
s at the top of the gel. (B) Estimation of molecular mass of MNBP-1. The
uperose 12 column was calibrated with a mixture containing thyro-
lobulin (TG), BSA, ovalbumin (OA), carbonic anhydrase (CA), myoglo-
in (Myo), and cytochrome c (Cyto c). The peak of dNRE-binding activity
luted in fraction 26, corresponding to an apparent molecular mass of
pproximately 100 kDa.MNBP-1). pThe elution of MNBP-1 from the gel filtration column as
well-defined peak allowed us to estimate its native
olecular mass. The Superose 12 column was cali-
rated with six standard proteins, including thyroglobulin
669 kDa), bovine serum albumin (66 kDa), ovalbumin (45
Da), carbonic anhydrase (29 kDa), myoglobin (17.6 kDa),
nd cytochrome c (12.4 kDa). Relative to these standard
roteins, MNBP-1 eluted from the column with an appar-
nt molecular mass of 100 kDa (Fig. 4B).
n oligonucleotide probe recognized by MNBP-1
Methylation interference footprinting indicated that se-
uences important for MNBP-1 binding extend from
433 to 2418 (Fig. 3). To confirm MNBP-1 binding to
hese sequences, we assessed specific DNA binding to
n oligonucleotide probe encompassing this region. The
ligonucleotide (dNf) contains MMTV sequences from
439 to 2414 with 4 bp of non-MMTV sequence at both
nds (Fig. 5A). Double-stranded dNf was labeled and
sed as a probe in a gel electrophoresis mobility shift
ssay (Fig. 5B). A single protein–DNA complex was ob-
erved (designated C in Fig. 5B) with the HeLa nuclear
xtract fraction that eluted from phosphocellulose be-
ween 0.3 and 0.5 M KCl (lanes 2–6), a fraction compa-
able to those employed in Figs. 2 and 4. This complex
as specific as judged by the selective competition by
he dNf oligonucleotide relative to an oligonucleotide
ontaining MMTV octamer-related sequences (compare
anes 3 and 4 with lanes 5 and 6). A complex of identical
obility was also observed with the MNBP-1 peak frac-
ions from the Superose 12 gel filtration column (data not
hown), strongly suggesting that the observed complex
s the result of MNBP-1 binding.
NBP-1 activity in mouse Ltk2 cells
A protein–DNA complex of electrophoretic mobility
dentical to that observed with the HeLa nuclear extract
ractions was also detected with a nuclear extract frac-
ion from mouse Ltk2 cells (Fig. 5, lanes 7–11). Ltk2 cells,
hich were used in many of the in vivo transfection
ssays that defined the dNRE (Morley et al., 1987; Lee et
l., 1991), thus appear to contain a DNA-binding activity
omparable to MNBP-1. The binding activity from mouse
ells, however, eluted from phosphocellulose between
.5 and 1.0 M KCl.
DISCUSSION
dentification of MNBP-1
We have defined a nuclear protein, which we have
ermed MNBP-1, that specifically binds the MMTV dNRE.
NBP-1 activity was detected by gel electrophoresis
obility shift assays and methylation interference foot-
rinting. It recognizes MMTV sequences between ap-
roximately 2433 and 2418, and this region includes an
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215MMTV NRE-BINDING PROTEINmperfect palindrome of sequence GaCTcGCNNNN-
CtAGaC, which is located between 2433 and 2416.
NBP-1 has an apparent molecular mass of approxi-
ately 100 kDa as determined by gel filtration chroma-
ography.
mportance of MNBP-1-binding site for dNRE-
ediated promoter repression
The MMTV dNRE has been implicated as playing a
ole in the tissue specificity of MMTV transcription (Hsu
t al., 1988; Ross et al., 1990), as well as contributing to
he steroid hormone-responsiveness of the MMTV pro-
oter (Morley et al., 1987; Lee et al., 1991). Previous
FIG. 5. Binding of MNBP-1 to an oligonucleotide probe. (A) Sequence
f the dNf oligonucleotide. The sequence of dNf relative to msd I
shaded area) and the imperfect palindrome within the MNBP-1 binding
ite (arrows) is shown. (B) Binding of MNBP-1 to dNf. Gel electrophore-
is mobility shift assays were performed with a 32P-labeled dNf oligo-
ucleotide probe and a protein fraction derived from HeLa nuclear
xtract that eluted from phosphocellulose between 0.3 and 0.5 M KCl
3.4 mg) (lanes 2–6) or a fraction derived from Ltk2 nuclear extract that
luted from phosphocellulose between 0.5 and 1.0 M KCl (4.3 mg)
lanes 7–11). Each binding reaction also contained 0.5 mg of poly
dIdC:dIdC). Competitor oligonucleotides Oct (lanes 3, 4, 8, and 9) or
Nf (lanes 5, 6, 10, and 11) were included in a molar excess of 50-fold
lanes 3, 5, 8, and 10) or 100-fold (lanes 4, 6, 9, and 11) relative to the
abeled probe. Binding reactions in lanes 2 and 7 contained no oligo-
ucleotide competitor, and that in lane 1 contained no protein. A
pecific protein–DNA complex (C) is indicated. Label at the position
arked O is at the top of the gel.utational analysis has indicated that the region of the LMTV LTR that is recognized by MNBP-1 is important for
NRE-mediated repression of MMTV promoter activity in
ultured fibroblasts (Lee et al., 1991). 59-Deletions of LTR
equences to 2427 were shown to have no effect on
NRE activity, while further deletion to 2417 dramatically
ffected repression. The deletion end-point at 2427 re-
oved a portion of the MNBP-1-binding site correspond-
ng to half of the putative palindrome, while the deletion
o 2417 removed the entire palindrome. Thus, it appears
hat in the context of the entire dNRE, only the 39-half of
he defined MNBP-1 site is required for repression of
romoter activity. Consistent with this idea, MNBP-1 can
ind to the dN1 oligonucleotide, which contains only the
9-half of the putative palindrome, as determined by gel
lectrophoresis mobility shift assays in which dN1 was
sed as either a competitor (Fig. 2) or a probe (data not
hown).
ther proteins that bind to MMTV LTR sequences in
r near the dNRE
Several proteins that bind to sequences within the
NRE have been identified. For example, sequence-spe-
ific binding of Ku autoantigen to MMTV sequences
etween 2397 and 2375 has been implicated in repres-
ion of MMTV transcription in T lymphomas (Giffin et al.,
994, 1996). This interaction may lead to DNA-dependent
rotein kinase-mediated phosphorylation of Oct-1 or the
lucocorticoid receptor (Giffin et al., 1996, 1997) that
ould alter the activities of these proteins. We have
reviously reported a DNase I footprint between 2393
nd 2376 with an unfractionated nuclear extract from
tk2 cells (Lee et al., 1991), which is most likely due to
pecific binding of Ku. In addition, the matrix attachment
egion-binding protein SATB1 has been shown to specif-
cally recognize MMTV sequences between 2286 and
268 (Liu et al., 1997), a region shown to repress MMTV
ranscription (Bramblett et al., 1995). Neither of these
rotein binding sites overlaps with the binding site de-
ined here for MNBP-1, which is located between 2433
nd 2416.
onservation of dNRE sequences among
MTV strains
The MMTV LTR region that contains the dNRE is also
art of the MMTV sag gene that encodes a protein (sag)
hat has the properties of a superantigen and is critical
or establishing mammary gland infection by milk-borne
irions (for review, see (Held et al., 1994)). Thus, se-
uence alterations within the dNRE may be subject to
elective constraints on the function of both the dNRE
nd sag.
A comparison of LTR sequences in the region of the
NRE of 19 endogenous and exogenous strains of
MTV is shown in Fig. 6. The sequences of the completeTRs of these proviruses were first compared by Brandt-
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216 KANG AND PETERSONarlson et al. (1993) in the context of sequence variation
n sag, and the nomenclature of Brandt-Carlson et al.
1993) has been adopted for the names of the proviruses
n Fig. 6. Of the 19 strains, there are 13 different se-
uences in the dNRE region with heterogeneity at 16 of
he 84 nucleotides shown. Seven of these nucleotides
re localized to a small region from 2404 to 2392, in
hich there are 7 different sequences among the 19
trains with heterogeneity at 7 of the 13 positions; each
train has between 1 and 6 alterations relative to the
3H LTR employed in our study. This relatively hetero-
eneous region is flanked by regions of much greater
onservation in which both the number of different se-
uences and their extent of divergence are less than in
he central region. When the sequences are considered
n the context of the amino acid sequence of sag, 4 of the
nucleotide positions at which differences exist in the
eterogeneous central region result in amino acid sub-
titutions (2404, 2398, 2395, and 2392), while outside
his region, the variations at positions 2374, 2375, and
383 result in amino acid changes in sag. The nucleo-
ides that comprise the MNBP-1-binding site are highly
onserved, particularly in the proximal half of the putative
alindrome (between 2422 and 2416) where mutations
ave defined its importance, but the high degree of
imilarity of these sequences throughout the entire dNRE
egion makes the significance of this observation difficult
o assess.
It is difficult to determine whether constraints on dNRE
r sag activity have been important in limiting the diver-
FIG. 6. Sequence comparison of various MMTV proviruses in the re
roviruses are shown between 2439 and 2356. The nomenclature of B
rom the C3H strain used in the experiments reported here are indicat
Donehower et al., 1981) are also indicated. Mutation-sensitive domain
alindrome within the MNBP-1-binding site (arrows) is shown.ence of these sequences. However, it is interesting that mhe region of most sequence heterogeneity corresponds
oughly to the region between mutation-sensitive do-
ains I and II of the dNRE (between the shaded regions
n Fig. 6), a region not required for dNRE-mediated re-
ression of MMTV promoter activity (Lee et al., 1991).
MATERIALS AND METHODS
reparation of nuclear extracts
Nuclear extracts of HeLa and Ltk2 cells were prepared
y previously described modifications (Shapiro et al.,
988) of published methods (Dignam et al., 1983a,b). One
dditional modification that, in our hands, increased the
eproducibility of nuclear extract preparation was to iso-
ate nuclei from homogenized cells by centrifugation
hrough a cushion of a solution containing 30% sucrose,
0 mM Tris–HCl (pH 7.9), 10 mM KCl, 3 mM DTT, 0.1 mM
DTA, 0.1 mM EGTA, 0.75 mM spermidine, and 0.15 mM
permine. Protein concentration was measured by the
ethod of Bradford (1976) with bovine serum albumin as
he standard.
hosphocellulose chromatography
A phosphocellulose cation exchanger (P11, Whatman)
as equilibrated with Buffer A [20 mM HEPES (pH 7.9),
0% glycerol, 0.5 mM EDTA, 1.5 mM DTT] containing 0.1
KCl. Nuclear extract protein was loaded onto a packed
olumn (1 3 9 cm) and step-eluted with Buffer A con-
aining 0.1, 0.3, 0.5, and 1.0 M KCl at a flow rate of 0.4
the dNRE. The sequences of 19 endogenous and exogenous MMTV
arlson et al. (1993) is used for the names of the proviruses. Alterations
ino acids of the MMTV sag protein encoded in this region of the LTR
) I and II of the dNRE (Lee et al., 1991) are shaded, and the imperfectgion of
randt-C
ed. Am
s (msdl/min. The fractions were dialyzed against Buffer TK0.1
[
g
n
P
a
T
p
s
s
o
o
T
2
o
f
m
p
p
d
b
d
c
w
1
p
p
a
s
(
T
o
i
P
3
D
2
p
d
t
g
0
t
7
G
c
m
a
w
f
f
6
E
s
g
X
M
(
f
e
w
f
a
p
o
s
m
o
o
7
s
w
a
F
o
w
t
d
d
G
i
e
d
o
g
l
c
3
w
f
f
t
t
u
i
e
K
c
T
m
217MMTV NRE-BINDING PROTEIN50 mM Tris–HCl (pH 7.9), 1 mM EDTA, 3 mM DTT, 20%
lycerol, 0.1 M KCl, 0.1 mM PMSF], quick frozen in liquid
itrogen, and stored at 280°C.
robes for gel electrophoresis mobility shift assay
nd footprinting
DNA oligonucleotides were synthesized by the Gene
echnologies Laboratory of Texas A&M University and
urified by denaturing polyacrylamide gel electrophore-
is. Concentrations were determined by ultraviolet ab-
orbance at 260 nm.
To 59-end label the dNf oligonucleotide probe, 8 pmol
f one strand was incubated with an equimolar amount
f [g-32P]ATP (6000 Ci/mmol; Dupont NEN) and 8 units of
4 polynucleotide kinase (Promega) in a final volume of
0 ml. The reaction was stopped by addition of 1 ml each
f 0.5 M EDTA and 10% SDS and was incubated at 68°C
or 10 min. Water (250 ml) was then added, and the
ixture was extracted once with phenol and once with
henol–chloroform. The labeled oligonucleotide was
recipitated with ethanol in the presence of 0.3 M so-
ium acetate (pH 5.2), and the precipitate was recovered
y centrifugation, washed with 70% ethanol, dried, and
issolved in 10 mM Tris–HCl (pH 7.9), 1 mM EDTA. The
omplementary strand (about eightfold molar excess)
as added, and the mixture was incubated for 1 min at
00°C and then cooled slowly.
For the PCR-generated, 244-nt probe, the 59-end of the
BRR1 oligonucleotide (17 pmol) was labeled with T4
olynucleotide kinase and [g-32P]ATP as described
bove. pBRR1 is 15 nt in length and hybridizes to pBR322
equences 59 of the MMTV dNRE in the plasmid pNLSwt
Lee et al., 1991), which was used as the PCR template.
he second primer in the PCRs was a 25-nt oligonucle-
tide. (ATGTTCTATTAGTCCAGCCACTGTC) that hybrid-
zes to MMTV LTR sequences from 2275 to 2299. The
CR protocol included 1 min at 91°C, 2 min at 37°C, and
min at 72°C for 34 cycles. The resulting end-labeled
NA fragment (244 bp) included MMTV sequences from
275 extending upstream to 2454 followed by 64 bp of
olylinker and pBR322 vector-derived sequences. The
NRE (2427 to 2364) is almost exactly in the middle of
his probe. Labeled DNA was purified by polyacrylamide
el electrophoresis, eluted with 50 mM Tris–HCl (pH 7.9),
.3 M sodium acetate, 1 mM EDTA, 0.1% SDS, precipi-
ated with ethanol, and dissolved in 10 mM Tris–HCl (pH
.9), 1 mM EDTA.
el electrophoresis mobility shift assays
Binding reactions (15 ml) were performed in a buffer
ontaining 25 mM Tris–HCl (pH 7.9), 0.5 mM EDTA, 1.5
M DTT, 10% glycerol, and 50 mM KCl. Protein fractions
nd competitor DNAs as indicated in the figure legends
ere incubated with labeled probe (10,000–20,000 cpm)or 60 min at room temperature. Reaction products were wractionated by polyacrylamide gel electrophoresis on a
% gel containing 45 mM Tris–borate (pH 8.3), 1 mM
DTA, and 10% glycerol. The running buffer was of the
ame composition but did not contain glycerol. The dried
el was subjected to autoradiography using Kodak
AR-5 film with an intensifying screen at 280°C.
ethylation interference footprinting
The 59-end-labeled 244-bp dNRE-containing probe
see above) was partially methylated with dimethyl sul-
ate as described by Maxam and Gilbert (1980). Gel
lectrophoresis mobility shift assays were performed
ith this methylated DNA probe and a phosphocellulose
raction of HeLa nuclear extract that eluted between 0.3
nd 0.5 M KCl. Bands corresponding to the specific
rotein–DNA complex, as well as free probe, were cut
ut and eluted from the gel by incubation in 500 ml of a
olution containing 0.3 M sodium acetate (pH 7.0) and 10
g/ml poly(dIdC:dIdC). The eluted DNA was extracted
nce with phenol–chloroform and precipitated with 2 vol
f ethanol at 220°C. The precipitate was washed with
0% ethanol and dried. In order to cleave the DNA at the
ites of chemical modification, 70 ml of 1 M piperidine
as added to the dried DNA, heated at 90°C for 30 min,
nd processed as described (Sambrook et al., 1989).
inally, the cleaved DNA sample was dissolved in 10 ml
f 98% formamide containing 10 mM NaCl. The sample
as boiled for 1 min, and the products were then frac-
ionated by polyacrylamide gel electrophoresis on an 8%
enaturing gel. The dried gel was subjected to autora-
iography as described above.
el filtration chromatography
A Superose 12 HR10/30 (Pharmacia) column was cal-
brated with proteins of known molecular mass (15 mg
ach), including thyroglobulin (669 kDa), alcohol dehy-
rogenase (150 kDa), bovine serum albumin (66 kDa),
valbumin (45 kDa), carbonic anhydrase (29 kDa), myo-
lobin (17.6 kDa), and cytochrome c (12.4 kDa). The
oading volume of the calibration mixture was 210 ml. The
olumn was eluted with 50 mM Tris (pH 7.9), 1 mM EDTA,
mM DTT, 100 mM KCl, 0.1 mM PMSF. Chromatography
as performed with an FPLC system (Pharmacia) at a
low rate of 0.4 ml/min. Fractions of 1 ml were collected
or the first 6 ml, and fractions of 0.2 ml were collected
hereafter. Fraction 1 corresponds to the first 0.2-ml frac-
ion. Elution of protein standards was determined by
ltraviolet absorbance. A sample containing dNRE-bind-
ng protein activity (a HeLa nuclear extract fraction that
luted from phosphocellulose between 0.3 and 0.5 M
Cl) was dialyzed against the column running buffer and
oncentrated by ultrafiltration (Centricon-10, Amicon).
he sample (200 ml) had a protein concentration of 0.885
g/ml as determined by the method of Bradford (1976)
ith bovine serum albumin as the standard. Chromatog-
r
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218 KANG AND PETERSONaphy was performed as with the calibration mixture, and
ractions were subjected to gel electrophoresis mobility
hift assay.
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